Glucocorticoid-induced TNFR-related protein (GITR) is constitutively expressed in T regulatory (Treg) cells and regulates their suppressive function. We identified two methylated CpG islands in the Gitr locus. Using a ChIP assay, we demonstrate that both DNMT1 and methyl-CpG-binding domain Protein 4 (MBD4) bind to the Gitr promoter. Moreover, knockdown of DNMT1 decreases the binding activity of MBD4. We observed much higher levels of both DNMT1 and MBD4 in human CD4 + CD25
Glucocorticoid-induced TNFR-related protein (GITR, also known as TNFRSF18) is highly expressed in FOXP3 + T regulatory (Treg) cells [1, 2] and is critical for Treg cell-mediated immune tolerance [3] . The transcription factor FOXP3 binds to the enhancer region of Gitr and further activates Gitr gene transcription [4, 5] . Notably, in the condition of autoimmune diseases, the dysfunction or instability of Treg cells is correlated with a decreased expression of GITR and a hyperactivation of Teff cells [6] [7] [8] [9] . Meanwhile, GITR-deficient mice display a lower number of Treg cells [10] . Therefore, the stable expression of GITR prevents severe inflammation and autoimmunity. In glioblastoma tumor patients, tumorresident Treg cells express high level of GITR and inhibit antitumor immune responses [11] . Agonistic antibodies toward GITR could potentially promote the depletion of Treg cells [12, 13] and differentiation of Th9 cells, which triggers antitumor activity [14, 15] . However, Tconv cells express lower levels of GITR because of DNA methylation [16] and may transiently upregulate GITR following activation [17, 18] . The human Gitr gene shares 55% identity with its murine homolog [19, 20] . It remains unclear as to how DNA methylation regulates the transcription of Gitr in human Tconv cells.
Genomic CpG islands are methylated by the DNA methyltransferases, such as DNA methyltransferase 1 Abbreviations 5AZA, 5-Azacytidine; ChIP, chromatin immunoprecpitation; DNMT1, DNA methyltransferase 1; GITR, glucocorticoid-induced tumor necrosis factor receptor-related protein; MBD4, Methyl-CpG-binding domain Protein 4; Tconv, conventional T cell; Treg, regulatory T cell.
(DNMT1), DNA methyltransferase 3a (DNMT3a), and DNA methyltransferase 3b (DNMT3b). The classical methylation model proposes that both DNMT3a and DNMT3b contribute to establishing DNA methylation patterns in developing embryos, whereas DNMT1 maintains DNA methylation patterns after replication [21] . However, it was recently reported that DNMT1 can also help to establish DNA methylation patterns directly [22] . Methyl-CpG-binding domain (MBD) family members can further bind to the methylated CpG dinucleotides through MBD domains to repress the transcription of certain genes [23, 24] . We speculated that DNMT and MBD family members might repress GITR expression in human Tconv cells.
To investigate the role of DNA methylation in GITR expression in human Tconv cells, we first identified two methylated CpG sites in Gitr gene by performing Bisulfite Sequencing PCR. Knockdown of either DNMT1 or MBD4 promoted GITR expression. We further found that both DNMT1 and MBD4 can directly bind to the Gitr promoter. And knockdown of DNMT1 decreased the binding activity of MBD4. Meanwhile, co-overexpression of DNMT1 and MBD4 in Treg cells dramatically inhibited GITR expression and impaired their suppressive activity. Our results reveal a novel molecular mechanism by which MBD4 inhibits GITR expression in a DNMT1-dependent manner in human Tconv cells.
Materials and methods

Antibodies, reagents, and plasmids
Anti-CD4-FITC (RPA-T4; Biolegend, San Diego, CA, USA), anti-CD127-PE/Cy7 (eBioRDR5; eBioscience, San Diego, CA, USA), anti-CD25-PE (BC96; Biolegend), anti-CD45RA-PerCp/Cy5.5 (HI100; Biolegend), anti-CD357-PEeFluor 610 (eBioAITR; eBioscience), anti-CD8-BV650 (RPA-T8; BD Biosciences, San Jose, CA, USA), anti-FOXP3 Alexa Fluor 700 (PCH101; eBioscience), anti-CTLA-4 (L3D10; Biolegend), anti-CD39 (eBioA1; eBioscience), anti-DNMT1 (A5495; ABclonal, Woburn, MA, USA), anti-MBD4 (ARP34797_P050; Aviva Systems Biology, San Diego, CA, USA), Fixable viability Dye eFluor 780 (eBioscience), 5-Azacytidine (Sigma-AldrichA, Darmstadt, Germany, 2358-100MG), Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA, 11668-027). SiRNA expression constructs are constructed by PCR [25] . 
Cell culture and transfection
Quantitative real-time PCR
Total RNA was extracted from human PBMCs by using TRIzol reagent (Invitrogen). cDNA was reverse-transcribed with the PrimeScript RT Reagent (Takara, Dalian, China), followed by q-RT-PCR analysis (SYBR Green; Takara).
Bisulfite sequencing PCR
Genomic DNA was extracted from FOXP3-overexpressed Jurkat T cells using ZR Genomic DNA-Tissue MiniPrep (Zymo Research, Orange County, CA, USA) according to the manufacturer's instructions. The DNA was bisulfite-modified using EZ DNA Methylation-Gold Kit (Zymo Research). The bisulfite-modified genomic DNA was amplified and the PCR products were cloned into pEASY-Blunt Cloning Vector (Transgene Biotech, Beijing, China), and the clones were selected randomly and amplified for sequencing.
Micro-ChIP (lChIP) assay lChIP assay was carried out as preciously described [26] .
In vitro suppression assay
Human PBMCs were incubated with Cell Trace Violet (C34554; Invitrogen) according to the instruction of manufacturer. The CTV-labeled PBMCs were cocultured with Treg cells in the presence of anti-CD3/CD28-beads in U-bottom 96-well plates for 3 days. Then, cells were harvested, and stained with viability Dye eFluor 780 (eBiosciences) and anti-CD8-BV650 (RPA-T8; BD Biosciences) before analyzing on a Fortessa Flow Cytometer (BD Biosciences).
Statistics
Paired Student's t tests were used for calculation of P value by GRAPHPAD PRIME software (GraphPad, La Jolla, CA, USA).
Results
Identification of two methylated CpG islands in Gitr gene
The expression of GITR is negatively regulated by DNA methylation in mice [16] . However, the human Gitr gene only shares 55% identity with the murine homolog [19, 20] . To further study the role of DNA methylation in GITR expression, the potential methylated CpG islands of human Gitr gene were predicted using MethPrimer (http://www.urogene.org/methprime r/). We identified two potential methylated CpG islands, including island 1 (À121 bp to + 125 bp) and island 2 (Exon4) in the human Gitr gene locus (Fig. 1A) . GITR does not express in Jurkat T cells [27] . FOXP3 was previously reported to activate GITR transcription in Treg cells [4, 5] . However, the overexpression of FOXP3 in Jurkat T cells did not induce GITR expression (Fig. S1A,B) . We then extracted the genome from FOXP3-overexpressed Jurkat T cells and amplified the bisulfite-treated island 1 and island 2 (Fig. S1C,D) . Generally, 13 cytosines from island 1 and 9 cytosines from island 2 were highly methylated (Fig. 1B,C) . These observations suggested that FOXP3 failed to induce GITR expression in Jurkat cells, possibly due to DNA methylation of the human Gitr gene locus.
DNMT1 and MBD4 inhibit the expression of GITR
DNMT1, DNMT3a, and DNMT3b are essential for the establishment of DNA methylation. To identify the DNA methyltransferase that represses the expression of GITR, we transfected FOXP3-overexpressed Jurkat T cells with siRNAs targeting DNMT1, DNMT3a, or DNMT3b (Fig. S2A) . We found that knockdown of DNMT1 significantly increased the mRNA level of Gitr (Fig. 2A ). Consistently, GITR protein level was also increased after siDNMT1 treatment (Fig. 2B) . Moreover, we further confirmed that the expression of GITR could be partially rescued using the DNA methyltransferase inhibitor 5-Azacytidine (Fig. 2C) . It was previously reported that MBD family members could bind to methylated DNA regions and inhibit gene transcription [23, 24] . We next hypothesized that MBD proteins could potentially regulate GITR expression with DNMT1. To further study the role of MBD proteins, we knocked down MBD family members using siRNA. And we found that the knockdown of MBD4 increased both mRNA and protein levels of GITR (Figs S2B and 2D, E). Taken together, these results showed that DNMT1 cooperates with MBD4 to repress GITR expression. 
for each group) (A). GITR protein level was further checked by Flow Cytometry 72 h later (B). FOXP3-overexpressed Jurkat cells
were treated with 5-Azacytidine (10 nM) for 24 h and GITR protein level was tested using Flow Cytometry (C). The mRNA level of GITR was analyzed 48 h postsiRNA transfection (n = 3 for each group) (D). GITR protein level was checked by Flow Cytometry 72 h later (E). Data represent three independent experiments. ns, nonsignificant, ***P < 0.01, ****P < 0.0001.
MBD4 inhibits GITR expression in a DNMT1-dependent manner
Since MBD4 binds to methylated CpG islands, we predicted that MBD4 represses GITR expression in a DNMT1-dependent manner. To further clarify the molecular mechanism, we performed a chromatin immunoprecpitation (ChIP) assay. We observed that DNMT1 binds to both À0.5 and À0.3 kb regions of the Gitr gene locus (Fig. 3A) . MBD4 binds to the transcription start site (TSS) and surrounding downstream (+0.3 kb) regions (Fig. 3B ). DNMT1 also binds ns, nonsignificant, **P < 0.05, ***P < 0.01, ****P < 0.0001.
to the regions of Gitr gene promoter (Fig. 3A) , which are near to the methylated CpG island 1. Our results are consistent with findings that DNMT1 binds close to the methylated CpG islands [21] . Meanwhile, DNA methyltransferase inhibitor 5-Azacytidine impaired the binding of DNMT1 and MBD4 to the Gitr promoter regions (Fig. 3C) , suggesting that the enzymatic activity of DNMT1 is critical for the repression of GITR. We further found that knockdown of DNMT1 inhibited the binding of MBD4 to the Gitr promoter, without influencing the mRNA level of MBD4 (Fig. 3D) . Therefore, these results demonstrated that MBD4 inhibits GITR expression in a DNMT1-dependent manner.
DNMT1 and MBD4 are negatively correlated with GITR expression in human T cells
To further study the relationship among DNMT1, MBD4, and GITR in human T cells, we sorted Tconv cells and Treg cells from CD4 + T cells enriched from human PBMCs (Fig. S3A) . Compared with Treg cells, Tconv cells expressed a much lower level of GITR mRNA, which is accompanied by higher levels of both DNMT1 and MBD4 mRNAs (Fig. 4A) . The mRNA levels of both DNMT1 and MBD4 are negatively correlated with the GITR mRNA level during the differentiation of iTreg cells (Figs S3B and 4B) . Furthermore, ChIP assays further showed an impaired binding of DNMT1 and MBD4 to the Gitr promoter during the process of iTreg differentiation (Fig. 5C,D) . However, in Tconv cells, we observed an increased binding of DNMT1 and MBD4 to the Gitr promoter (Fig. 5A,B) . Taken together, in human Tconv cells, both DNMT1 and MBD4 bind to the Gitr promoter and negatively regulate GITR expression.
DNMT1 and MBD4 negatively regulate the suppressive function of Treg cells
We next studied the role of DNMT1 and MBD4 in Treg cells and their regulation of GITR expression. We found that co-overexpression of DNMT1 and MBD4 significantly decreased GITR protein level in Treg cells (Figs S4A and 6A ). The expression of FOXP3 and CTLA-4, but not CD25 or CD39, also decreased following the co-overexpression of DNMT1 and MBD4 (Fig. S4B,C) . To further investigate were assessed by RT-PCR. **P < 0.05, ***P < 0.01, ****P < 0.0001. DNMT1 and MBD4 to the Gitr promoter was further analyzed by lChIP-qPCR. *P < 0.1, **P < 0.05, ***P < 0.01.
whether DNMT1 or MBD4 affects the suppressive function of Treg cells, we performed an in vitro suppression assay with DNMT1 or MBD4-overexpressed Treg cells. We found DNMT1/MBD4-overexpressed Treg cells displayed impaired suppressive activities (Fig. 6B,C) . Collectively, these results showed that [16, 28] and DNMT1 binds to upstream Foxp3 enhancer CpG island [28] . Although the expression level of CTLA-4 is also regulated by DNA methylation [16] , we could not conclude that DNMT1 and MBD4 directly inhibit CTLA-4 expression. The decreased expression level of CTLA-4 might be triggered by the decreased FOXP3 protein level [29] . These results suggested that DNMT1 and MBD4 potentially repressed GITR expression and impaired the suppressive function of Treg cells. Epigenetic modifications critically regulate gene transcription and therefore control the differentiation, function and stability of cells. DNA methylation is the only proven mechanism that can be propagated from one generation to the next [30] . During the differentiation of cells, the status of DNA methylation of CpG islands was dynamic and therefore regulated gene transcription [31, 32] . We found that the CpG islands in the promoter and Exon4 region of the Gitr gene were highly methylated. However, it remains unclear whether DNA methylation in the Exon4 region inhibits GITR expression. Moreover, TCR signaling could also regulate the expression of DNMT1 and MBD4, and therefore controls GITR expression in activated Teff cells. MBD4 has been regarded as a DNA repair protein.
It was found that MBD4 represses transcription through mCpG and interacts with HDAC1 as well as Sin3A [33] . Furthermore, MBD4 can interact with RET finger protein (RFP) to form a protein complex, which enhances its transcriptional repression [34] , suggesting that MBD4 might form a transcriptional repressive complex with other proteins and therefore inhibit GITR expression.
In summary, we revealed an epigenetic mechanism by which the DNMT1-MBD4 axis contributes to the epigenetic inhibition of GITR expression. Both DNMT1 and MBD4 can directly bind to the Gitr promoter and contribute to the repression of GITR. Moreover, the transient co-overexpression of DNMT1 and MBD4 impaired the suppressive activity of Treg cells. Therefore, the DNMT1-MBD4 axis could be a potential epigenetic drug target to modulate Treg cell function against inflammatory diseases, such as autoimmunity, allergy, and cancer.
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